INTRODUCTION 34
Algae are an interesting feedstock for the production of biofuels, chemicals, cosmetics and 35
Processed algal residues were prepared for the digestion/co-digestion testing. The processing 135 steps extracted protein with free nitrous acid (FNA) (Section 2.2.1), and/or lipids via a 136 solvent-based Soxhlet extraction (Section 2.2.2). 137 138
Protein extraction 139
FNA pre-treatment was carried out to release protein from algal cells. Dry algal biomass was 140 re-suspended in deionized water at 47 g L -1 , and pH was adjusted to 5.5 using 0.1 M HCl. 141
Sodium nitrite stock solution 30 g NO 2 --N L -1 was then added to the suspension resulting in 142 an initial concentration of 0.3 g NO 2 --N L -1 . The FNA dose was selected from previous 143 experiments (Bai et al., 2014) and pH measurements, and calculated as in Eq. 1 (Bai et al., 2014) , where S NO2 is the 148 dissolved nitrite concentration (g NO 2 --N L -1 ), pH is the suspension pH, and T is the 149 operational temperature (298 K). After FNA pre-treatment, algae biomass residues were recovered by centrifugation (2,500 g 154 for 5 min) and decanting the supernatant, where released protein was contained. 155 156
Lipid extraction 157
extraction apparatus and n-hexane:ethanol (3:1, v/v) as extraction solvent (Bai et al., 2014) . 159
Lipid extraction yields were quantified in duplicates after 6 h of extraction. After lipid 160 extraction, the algal biomass residues were dried to constant weight in a vacuum desiccator to 161 remove residual organic solvent. 162 163
Chemical analytical methods 164
Analyses of the total fraction were performed directly on the raw samples. For analyses of the 165 soluble fraction, the samples were centrifuged at 2,500 g for 5 min and the supernatant was 166 filtered through a 0.45 µm PES Millipore ® filter. The content external to the cells and cell 167 debris was quantified by analysing the supernatant of the centrifuged samples. 168
Total solids (TS) and volatile solids (VS) were measured according to Standard Method 169 2540G (Eaton et al., 2005 Kjeldahl nitrogen (TKN) and phosphorous (TKP) were determined with a Lachat Quik-Chem 175 8500 flow injection analyser. Total protein was measured using the bicinchoninic acid 176 method with bovine serum albumin as calibration standard (Smith et al., 1985) . 177
Polysaccharide (carbohydrate) concentration was determined using the anthrone method with 178 glucose as standard (Raunkjaer et al., 1994) . Lipid content was determined using a Wilks 179 Enterprise Inc. InfraCal TOG/TPH analyser, with S-316 as the extraction solvent. Biogas 180 composition (CH 4 , CO 2 and H 2 ) was determined using a Shimadzu GC-2014 gas 181 chromatograph equipped with a Valco GC valve (1 mL sample loop), a HAYESEP Q 80/100 182 packed column (2.4 m length; 1/8" outside diameter, 2 mm inner diameter) and a thermalconductivity detector (TCD). The chromatograph injector, oven and detector temperatures 184 were set at 75, 45 and 100 °C, respectively, and 28 mL min -1 of Argon at 135.7 kPa was used 185 as a carrier gas. 186 187
Biomethane potential tests 188
Biomethane potential (BMP) tests were carried out according to Angelidaki et al. (2009) compare mono-and co-digestion experiments . As hydrolysis was 217 assumed to be the rate-limiting step during AD of manure and algae (Costa et al., 2012; 218 Ramos-Suárez & Carreras, 2014) , the BMPs were modelled using first order kinetics (Astals 219 et al., 2014) . In contrast to the conventional one-substrate model, in this study all substrates 220 (manure and algae) were modelled through a two-substrate model, where substrates are split 221 into a rapidly biodegradable and a slowly biodegradable fraction (Eq. 2) (Wang et al., 2013) . 222
This approach improved fitting of the algae (raw and residual) mono-digestion BMP profiles 223 and exploration of the effect of the algae pre-treatment over the rapidly and slowly 224 biodegradable fractions of the substrates (Wang et al., 2013) . 225
where r is the process rate (g COD L -1 day -1 ), f i is the substrate biodegradability (-), k hyd,i is 229 the first-order hydrolysis rate coefficient of the substrate (day -1 ), X i is the substrate 230 concentration (g VS L -1 ) and C i is the tCOD-to-VS (COD/VS) ratio of the substrate. 231
Biodegradability (f i ) is used for model-based analysis in order to normalise analysis between 232 substrates. The f i can be converted to B 0 using the conversion factors provided in Table 1,  233 with material with a COD/VS ratio of 1 having a conversion factor of 0.350 m 3 CH 4 kg -1 VS 234 (B 0 /f) . 235 236 The degradation model was implemented in Aquasim 2.1d. Parameter estimation and 237 uncertainty analysis were simultaneously estimated with a 95% confidence limit as per 238 Batstone et al. (2009) 
Extraction of high-value products from algal biomass 247
The increase in polysaccharide and protein concentrations in the supernatant of the algal 248 suspension after 48 h FNA pre-treatment reflects lysis of the algal cell wall and the 249 subsequent release of intracellular organic compounds (Fig. 1) . Scenedesmus sp. is known to 250 have a rigid cell wall composed of poorly biodegradable carbohydrates (Ramos-Suárez & 251 Carreras, 2014; Ward et al., 2014) . Hence, the increase of polysaccharides concentration in 252 the liquor, especially insoluble (particulate) compounds, shows that FNA pre-treatment was 253 able to break apart the algal cell wall but could not solubilise it. The cell wall disruption 254 produced by the FNA pre-treatment caused release of large amounts of protein into the liquor 255 leading to a protein concentration increase from 0.5 g L -1 to 5.0 g L -1 (i.e. release of 0.25 kg 256 of protein per kg VS of algae) (Fig. 1) . The protein release yield obtained in this study is in 257 agreement with those reported in previous studies using other pre-treatment techniques such 258 as sonication, high-pressure homogenization and enzyme hydrolysis (Keris-Sen et al., 2014; 259 Safi et al., 2014) , indicating that FNA pre-treatment is an effective technology to facilitate 260 protein recovery. 261 262 Lipid extraction yield for Scenedesmus sp. was 0.14 kg lipids kg -1 VS, which is in good 263 agreement with previously reported values (Keymer et al., 2013; Ramos-Suárez & Carreras, 264 2014) . Moreover, the efficiency of lipid extraction increased up to 0.19 kg lipids kg -1 VS after 265 the FNA pre-treatment (Fig. SII of supplementary data) , indicating that the disruption of algal 266 cell wall caused by the FNA pre-treatment allowed to improve the contact between the 267 solvent and intracellular lipids. The improvement of green algae lipid extraction yield after 268 pre-treatment has been previously reported by Bai et al. (2014) , who used different FNA 269 concentrations with Tetraselmis striata M8, and Lee et al. (2010) , who evaluated five pre-270 treatment techniques on Scenedesmus sp. Comparing the results with those reported by Lee et 271 al. (2010) , it can be observed that the lipid yield after the FNA pre-treatment was similar to 272 that reached by their optimal reported pre-treatments (i.e. bead-beating and microwaves). 273
However, the increase of the lipid extraction yield (1.5-fold) recorded in the present study 274 was lower than that reported by Lee et al. (2010) (up to 5.5-fold) . This difference may be 275 related to differences in pre-processing (i.e. drying and grinding) of the raw algae as well as 276 the different lipid extraction method. 277 Keymer et al., 2013; Mendez et al., 2014; Ramos-Suárez & Carreras, 285 2014) . Model outputs clearly illustrated that pre-treatment could improve algal 286 biodegradability (f total ), even when co-products had been extracted. All algal residues (i.e. 287 after co-product extraction) had an improved biodegradability as compared to raw algae, with 288 lipid extracted algae showing the greatest increase (f total from 0.31 to 0.48). This 289 improvement in biodegradability with extraction is believed to be a result of cell wall 290 disruption, which made intracellular organic matter more bioavailable. 291
292
Model outputs also indicated that the improvement in biodegradability following lipid 293 extraction was mainly related to an increase of the rapidly biodegradable fraction (f fast ), 294 whilst protein, and protein & lipid extracted algae was due to an increase of the slowly 295 biodegradable faction (f slow ). The latter phenomenon could be explained by the conjunction of 296 two factors: (i) the solvent-based extraction may be more severe disrupting the algal cell wall 297 than the applied FNA dose; and (ii) the fact that the algae particles released during lipid 298 extraction remained inside the Soxhlet thimble and were subsequently digested, whereas the 299 particles (soluble and insoluble) released during the FNA pre-treatment were removed after 300 the centrifugation of the pre-treatment suspension. The present results indicate that algae pre-treatment is an effective strategy to enhance of 309 algae B 0 . Actually, in the present study, algal biomass B 0 improvement was achieved even 310 after removing lipids and/or FNA solubilised organic matter (carbohydrates and protein), 311 which is not a common practice in studies devoted to algae pre-treatment prior to AD 312 (Uggetti et al., 2014; Ward et al., 2014) . However, the co-production of high-value products 313 and biofuels has been identified as more economically viable for algal biorefineries than the 314 production of bioenergy alone (González-Fernández et al., 2011; Milledge & Heaven, 2014) . 315
Under this biorefinery concept (where algal valuable products are removed from the system 316 prior to AD), two extreme scenarios could occur: (i) a biorefinery with a fixed algae 317 production capacity, where co-products recovery reduces the amount of algae available for 318 AD; and (ii) a biorefinery with a flexible algae production capacity, where an increase on 319 algae production compensates the organic matter lost during co-products recovery. Pre-320 treated algal B 0 can only be used as a comparative parameter if the biorefinery is able to 321 produce extra algae and keep the anaerobic digester organic loading rate stable. On the 322 contrary (when the biorefinery algal production is the stable parameter), the overall methane 323 yield (B'), defined as the methane yield per gram VS of algae before the pre-treatment, is a 324 more appropriate parameter to compare the performance of an anaerobic digester; because 325 although pre-treatment increased algae B 0 , co-products extraction reduces the amount of 326 organic matter going into the digester. Table 3 shows B 0 , B' and co-product extraction yield 327 of each of the evaluated pre-treatments. Results indicated that only lipid extraction was able 328 to enhance the digester methane production under both scenarios, while protein and protein & 329 lipid extracted algae had a significant reduction of B' due to the extraction of large amounts 330 of organic matter during FNA pre-treatment. 331 332
Anaerobic co-digestion of pig manure and raw or processed algae 334
Assessment of the interaction mechanisms (i.e. synergistic and antagonistic) during co-335 digestion of pig manure and algae (raw or processed) was carried out by comparing the 336 experimental profiles with the theoretical ones (generated by the combination mono-digestion 337 profiles over time and proportioned to the amount of substrate present). As illustrated in Fig.  338 3, actual and theoretical curves overlap in most experimental trials, indicating no strong 339 interaction between substrates. Thus, co-digestion performance (kinetics and extent) could 340 have been assessed by combining the results from mono-digestion experiments. In all cases, 341 the introduction of algae into the manure led to a reduction of the B 0 since the B 0 of algae is 342 lower than the B 0 of pig manure; such reduction was approximately proportional to the 343 amount of algae and manure in the mixture. However, two raw algae mixtures (70% manure 344 + 30% raw algae; 50% manure + 50% raw algae) showed a methane yield significantly 345 higher than the theoretical methane yield (Fig. 3A) . The fact that the methane yield 346 improvement was only observed in the mixtures with a higher algal concentration does not 347 necessarily imply that the synergy did not occur at the low-level mixture (85% manure + 15% 348 raw algae). Indeed, it may suggest that raw algae rather than manure was the substrate further 349 degraded (increased biodegradability). Under this rationale, the increased algae 350 biodegradability in the lowest mixture would have been masked by the low proportion of 351 algae, which in the mixture only accounted for about 10% of the methane production. 352
353
The comparison between the actual and modelled methane curves, when the mixtures were 354 simulated using the set of parameters from the mono-digestion BMP modelling (Table 2) , 355
show that curves overlap in most of the tests; however, small differences could be observed 356 in B 0 values (see Fig. SIV of supplementary data) . To better understand the interaction 357 between the substrates, AcoD profiles were modelled giving freedom to kinetic (k i ) and/orextent (f i ) parameters. Model outputs from different scenarios (data not shown) indicated that3.4. An integrated biorefinery approach to treatment of pig manure and algae 399 Fig. 4A presents a high-level flow diagram for an integrated biorefinery, which combines 400 manure treatment and algae cultivated onsite using supernatant from digested pig manure. 401 Cultivated algae may be directed for biogas production or processed to extract valuable co-402 products with the algae residues recycled for biogas production through anaerobic digestion. 403
Biorefinery final configuration will be influenced by two main factors: (i) the cost (capital 404 investment and operating expenses) of the extraction process and the revenue obtained from 405 the sale or use of co-products; and (ii) the biogas production. To assess the potential for 406 methane production, B* (defined as the maximum methane production per gram VS of pig 407 manure entering the system) was used to compare the different scenarios considered in this 408 study (Fig. 4) . Using B* is more suitable than B 0 , since the introduction of algae into the 409 manure digester will reduce B 0 of the mixture, as the B 0 of algae is lower than the B 0 of pig 410 manure, although it will increase the digester methane production due to the additional VS 411 (organic loading rate increase). The system's calculation base was pig manure (q manure ) with 412 characteristics similar to that of the manure used in this study, i. N removed (Rusten & Sahu, 2011; Uggetti et al., 2014) , while other parameters used to develop 416 values, a reasonable maximum algae production capacity (q algae,max ) was estimated at 0.5 kg 418 VS kg -1 VS of manure entering the system. Nonetheless, the amount of algae recovered 419 (q algae ) would be influenced by the efficiency of both the algae cultivation system and the 420 harvesting system. 421 422 Fig. 4B shows the progressive improvement of B* in relation to algae recovery efficiency 423 (q algae /q algae,max ); illustrating the extra methane production from adding raw and processed 424 algae into the pig manure digester (0.350 m 3 CH 4 kg -1 VS represents methane yield for pig 425 manure mono-digestion). Fig. 4B also demonstrates the improvement on AcoD performance 426 due to the recorded synergy between manure and raw algae. In fact, the synergy between 427 manure and raw algae shifts the optimal scenario for methane production from co-digestion 428 of lipid extracted algae to co-digestion of raw algae. However, this scenario does not 429 consider value from co-product extraction nor the processing cost. Finally, the results in Fig.  430 4B can be used together with product value calculations (energy, lipids and/or protein), 431 processing costs, market analysis and sensitivity testing to determine the highest-value 432 approach for such a biorefinery. 433 34.6 ± 1.9 68.6 ± 1.5 56.0 ± 2.2 56.8 ± 2.4 54.9 ± 2.9 
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